Through two-dimensional numerical simulations, the fluid dynamic consequences of varying the Reynolds number and the corresponding changes in the aerodynamic forces acting on the flapping wings are studied. The incompressible Navier-Stokes equations are discretized and solved on a non-body conforming Cartesian grid; the concept of immersed boundary method is made use of to impose the no-slip boundary condition on the surface of the wing. The objective of the present work is to examine whether the drag mechanism acting on the inclined stroke plane motions can explain the flight of tiny insects.
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Through two-dimensional numerical simulations, the fluid dynamic consequences of varying the Reynolds number and the corresponding changes in the aerodynamic forces acting on the flapping wings are studied. The incompressible Navier-Stokes equations are discretized and solved on a non-body conforming Cartesian grid; the concept of immersed boundary method is made use of to impose the no-slip boundary condition on the surface of the wing. The objective of the present work is to examine whether the drag mechanism acting on the inclined stroke plane motions can explain the flight of tiny insects. 
I. Introduction
HE early quantitative studies on the aerodynamics of flapping flight were based on conventional aerodynamic theories. Such theories invoked quasi-steady assumption. Ellington [1] , in his comprehensive study, concluded that conventional aerodynamic theories are incapable of explaining the lift force of hovering insects and stressed that additional unsteady mechanisms are necessary to explain the flapping insect flight.
Smoke flow visualizations [2] over the tethered hawkmoth, and the similarity preserved model of the same insect have revealed the presence of an intense attached leading-edge vortex (LEV). In addition to the bound circulation that is inherent to maintain the Kutta condition at the trailing-edge of the wing, the additional circulation induced by the attached LEV elevates the aerodynamic lift production by the flying insects. This lift enhancing phenomenon, by the presence of the attached vortex, is termed as delayed stall. 1 Research Scholar. 2 Assistant Professor.
Dynamically scaled experiments on the model fruitfly wings demonstrated the aerodynamic benefits of wing rotation [3] . Rapid rotation of wings during stroke reversal acted as a source of additional circulation and enhanced the aerodynamic forces produced. The authors assessed that this mechanisms is similar to Magnus effect, and was termed as rotational circulation. The wings of insects extract energy from their own wake if the interacting angle of attack (AOA) is properly adopted. Wake shed from the previous stroke acts to enhance the effective fluid velocity encountered by the insect wings. This favorable interaction of wing with the wake was termed as wake capture.
These three unsteady mechanisms, namely delayed stall, rotational circulation, and wake capture can collectively take into account most of the lift production by flapping insects. Despite this enormous progress, the knowledge of force production in tiny insects, flying at very low Reynolds number regime (Re<100) is highly unsatisfactory.
In a 3D computational study of fruitfly [4] , it has been reported that when Re is less than 100, the flapping wings did not produce sufficient lift forces to support the typical insect weight. When Re was reduced, the strength of the LEV decreased. Hence, the contribution of delayed stall to the total lift production decreased tremendously. Since the delayed stall provided 88% of the total weight supporting force in fruitfly, the decrease in LEV strength with Re resulted in tremendous reduction of lift forces. Numerical experiments by Miller and Peskin [5] reported similar lift attenuating effect with decreasing Re. When Re is low, both leading-and trailing-edge vortices (TEV) stay attached to the wing. The TEV induces negative circulation around the wing, and hence results in loss of lift force. These two studies concluded that when the Re of flapping is reduced, lift decreases and drag increases significantly.
The computations of an idealized wing motion along an inclined stroke plane showed that dragonfly uses drag to support 75% of its total weight [6] . The departure from the horizontal stroke plane makes these insects capable of using drag to support the weight during plunging motion of the downstroke.
The summary of the available literatures points out to the fact that flapping mechanisms at low Re (<100) cannot generate sufficient lift to keep an insect in the air. These results are obtained with tests on fruitfly, which uses horizontal stroke plane. Such kinematics, at low Re, produced a large drag force and less lift force. In inclined stroke plane motions, the drag contributes predominantly to the weight support. The motivation of our research work is to answer the question 'Can the large drag force found in horizontal stroke plane motion at low Re act in inclined stroke plane and explain the flight of tiny insects?' We address this by performing two-dimensional numerical experiments around the rapidly oscillating wings of insects.
II. Numerical Methodology
Understanding the fluid dynamics of flapping locomotion necessitates the simulation of flow over complex moving boundaries. The requirement of generation of a high quality mesh in conventional CFD methods makes it very difficult to handle complex geometries. While simulating the flow past moving boundaries, transient remeshing strategies need to be incorporated to account for the change of shape or orientation of the body in the fluid flow. In addition to increase in the computational cost, the accuracy and convergence properties of the conventional methods are primarily affected by quality of the grid.
In order to circumvent the problems associated with conventional CFD methods to handle complex moving boundaries, the governing equations are discretized and solved on a Cartesian mesh. The concept of Immersed Boundary Method (IBM) is made use of to impose the no-slip boundary condition: singular forces of appropriate magnitude and direction are applied at the solid-fluid interface in such a way that, this would result in the enforcement of required boundary conditions. These forces are then, distributed on the Cartesian grid points to bring-in the influence of presence of the body into the flow field.
Among many variants of existing IBMs, we chose to use the idea of implicit force calculation [7] . Implicit calculation of Lagrangian forces eliminates the time step restriction imposed upon the computation. We make two essential changes: first, time integration of the Navier-Stokes equations have been carried out by means of a second order projection method [8] , which provides second order convergence for pressure; second, we make use of the 4-point regularized delta function [9] , which posses much wider stability region and results in efficient enforcement of boundary condition than any other delta functions. The algorithm for one time step is explained as follows: 1. Solve momentum equations without considering the presence of immersed boundaries and obtain intermediate velocity component u * (x). On the domain boundaries, the required boundary conditions for the problem considered are applied.
The convective and diffusive terms are discretized using Adams-Bashforth and Crank-Nicolson schemes respectively, which provide overall second order accuracy.
2. Obtain the velocity components on the Lagrangian points U * (X k ) by interpolating nearby Eulerian points' velocities u (5) 3. Calculate the Lagrangian forces F * (X k ) from prescribed boundary velocities U n+1 (X k ) and interpolated velocities at Lagrangian points U * (X k )
4. Distribute Lagrangian forces F * (X k ) to the nearby Eulerian points f * (x)
where s is the distance between adjacent Lagrangian points 5. . ' (9) The algebraic system of equations resulting from discretization of Poisson equation is solved using BiCGSTAB(2), one of the most efficient elliptic equation solvers [10] . For spatial differencing of momentum equations, second order central differencing is used for viscous terms. Since the upwind schemes exhibit excessive artificial diffusion characteristics, convective terms in conservative form are discretized using second order central differencing. First order Euler integration has been applied for time stepping.
In the above formulations, is the Dirac delta function which is employed to transfer the quantities between Eulerian and Lagrangian domains effectively. The two dimensional discrete version of delta function is,
where, h is the Eulerian mesh width, x and y are the Cartesian components.
is the hat function, which can be formulated in many ways depending upon the number of nearby points it uses. In our solver, we use 4−point delta function which ensures more accurate boundary condition imposition [9] . 
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where F V and F H are respectively the vertical and horizontal components of the total aerodynamic force. L is the length of the interface and is the domain which contains the interface. In our study, the forces are nondimensionalized with RMS velocity of flapping and chord length of the wing.
Validation study
An ellipse of thickness ratio 0.25 is used to model the wing cross-section. The wing kinematics is the same as that used by Wang [11] . The parameters of the simulation are: Re = 157, A 0 /c = 2.5 and = 45 0 . The time course of C V and C H for one complete stroke is shown in Fig. 1 . The agreement between our results and available literature results are excellent. Only peaks in C V during mid-downstroke are over-predicted by our solver. Results obtained from other solvers also differ from one another in this region. Wang [11] used a fourth order compact scheme solver in stream function and vorticity formulation, Xu and Wang [12] used an immersed interface method for their simulation, and Gao and Lu [13] made use of immersed boundary Lattice Boltzman solver to perform numerical solution of governing equations. The difference in force peaks can be attributed to the variations in the way in which the governing equations are numerically solved. 
III. Wing Kinematics
Free flight wing kinematics measurements of many insects [14, 15] obtained using high speed video indicated that the wing translational velocity varies approximately as a Simple Harmonic Function (SHF). However, the insects were filmed with only one camera, so the measurements cannot be considered as accurate. Recently, the time course of three-dimensional (3D) wing motions of freely flying fruitflies [16] , honeybees [17] and droneflies [18] were measured using three orthogonally aligned high-speed cameras. All these studies confirmed the variation of translational velocity as SHF and the wing rotation was confined to stroke reversal. Recent tethered flight kinematic measurements of dragonfly [19] confirmed the same kind of wing motion for inclined stroke plane kinematics also. The mathematical approximations to the considered wing kinematics are as follows: 
IV. Results and Discussion
We varied the Reynolds number ( ) The angle of attack during downstroke and upstroke are 50.6 0 and 15 0 respectively. The angle of attack is measured with respect to the stroke plane angle. All these details are for the dragonfly hovering, similar to the simulations of Wang [6] , except that in our study a flat plate is used to model the cross-section of the wing and the wing rotation in our study is confined to stroke reversal.
A. Typical case (Re=150)
The time history of C V and C H for one complete stroke is shown in Fig. 2 . The stroke averaged horizontal force coefficient, H C is almost zero, which confirms that the simulation is for hovering motion. Since H C is almost zero in other simulations also, only the time history of C V is presented in the subsequent sections. It can be seen that, downstroke induces positive C V , and in upstroke negative C V is generated over the flapping wing. The figure also shows the force peaks during the wing rotation (pronation and supination). It can be seen that the drag forces produced on the wings make predominant contribution to the weight support (Fig. 2a) . Around 83% of the total vertical force is provided by the drag alone. Flow features at different phases of the stroke are shown in Fig.3 . During pronation, leading-and trailing-edge vortices (TEV) start forming (Fig. 3l, 3a-c) . These vortices are opposite in the sense of their rotation. Both vortices grow in size during the course of downstroke and stay attached throughout the translational motion in the downstroke (Fig. 3c-e) . It can be seen that the flow field is analogous to the flow past bluff bodies in laminar steady regime. At the time of supination, both LEV and TEV separate from the wing and the wing interacts with the shed LEV; but the shed TEV remains undisturbed (Fig. 3g-i) . The interaction of wing with the LEV results in energy extraction from the vortex, a phenomenon termed as wake capture [3] . The force peak during the supination of wing is shown in Fig. 2 .
During upstroke attached shear layers are formed over the wing surfaces without vorticity roll-up ( Fig. 3k and  3l) ; LEV and TEV are not formed at all. This is the characteristic feature of flow past streamlined bodies. Experiments on rapidly started airfoil [20] showed that LEV was not at all formed when the AOA of wing was less than 13.5 0 . Though the AOA of wing during upstroke in our study is 15 0 , the LEV is not formed. This is perhaps the result of difference in the way in which the wing is moved in these studies. In our study the wing is accelerated according to sinusoidal function, whereas in [20] the wing was accelerated rapidly.
In flow past bluff bodies, as Re increases beyond approximately 40, instability is observed in the form of oscillation of attached vortices. This instability then, propagates in the flow field and initiates periodic peeling off of vortices from the body, known as von-Karman vortex shedding [21] . Nevertheless, in contrast to flow past bluff bodies, even at Re of 150, though the AOA during downstroke is very large, von-Karman vortex shedding is not initiated. This is because of the fact that the time scale of flapping is so small (flapping velocity is so high), so that the instabilities which may be formed in the flow field do not have sufficient time to grow up and propagate in the flow field.
It can be seen that two dipole vortices (Fig. 3k) are formed in the flow field in every flapping cycle. The starting vortex of the upstroke combines with the TEV of downstroke and forms dipole-1. The dipole-1 moves downward in the flow field. As explained by Wang [11] , by virtue of downward momentum carried by this dipole, vertical force is generated on the wing. The rotational starting vortex of supination joins with the LEV of downstroke and results in the formation of dipole-2. As explained, due to the energy extraction from the LEV, the strength of dipole-2 is much weaker than that of dipole-1. It is to be noted that the presence of this dipole-2 is not reported previously in the literature.
B. Effect of Reynolds number
Stroke averaged vertical force coefficient, V C for different Re is shown in Table 1 . Analogous to horizontal plane flapping [4, 5] and contrary to our expectations, V C falls off rapidly as Re is reduced. V C is approximately halved as Re is decreased from 150 to 10. The time history of C V for different Re is presented in Fig. 4 . Contrary to horizontal plane flapping, when Re is reduced, the magnitude of C V is increased during both upstroke and downstroke. It has been stated in the previous section that the behavior of wing during the downstroke is analogous to that of a bluff body. For flow past bluff bodies, in laminar steady regime, when the Re decreases, the base suction pressure is increased due to viscous action [21] . This increase in base pressure results in a large drag coefficient (C D ) at low Re. In flow past flapping wings, since the von-Karman vortex shedding is not initiated, the above finding can be directly used to interpret our results. Contours of vorticity at Re = 10 at various time instances in a stroke is shown in Fig. 5 . During downstroke, the contours of vorticity are shown in Fig. 5a-f . When compared to the plot presented at the same time instances for Re of 150 (Fig. 3a-f) , we can see that the vortices are very much diffused and result in increased drag force similar to a bluff body. This drag force, in turn, induces a large vertical force during downstroke.
As has been already stated, during upstroke, attached shear layers are formed over the wing without any recirculation zone, which is a characteristic feature of flow past streamlined bodies. The increase in C V at low Re during upstroke reflects the importance of viscous drag at low AOA wing motion. Low AOA during upstroke manifests itself as the enhanced viscous skin-friction drag. Thin bodies, at low AOA, experience large viscous drag than when they are at high AOA. In addition, the viscous drag would be higher during low Re motion due to the increased influence of viscosity. This increase in viscous drag causes the increase in C V during upstroke.
The increase in negative C V during upstroke is much higher than the increase in positive C V during the downstroke. Therefore, the stroke averaged vertical force coefficient, V C is reduced when Re of the flapping in reduced.
It can be seen from Fig. 5 that the vortices formed are of much less strength and owing to the increased influence of viscous forces, they diffuse rapidly at such low Re flapping. The very important feature of flow past a flapping wing in inclined stroke plane is the formation of downward momentum carrying dipole vortex [11] , which is captured in Re = 150 case (Fig. 3k) . As seen from our simulation at low Re (= 10), the vortex dipole is not at all formed (Fig. 5i-l) . The dipole is the combination of TEV of downstroke and the starting vortex of the upstroke. In low Re flapping, the TEV of downstroke is completely diffused by the viscous action before the translational starting vortex is formed. Hence the formation of a vortex dipole is precluded.
The influence of Re on the formation of vortex dipole is shown in Fig. 6 . Vorticity contours during mid supination, end of supination and mid-upstroke are compared at different Re. It can be seen that as Re reduces, the strength of vortical structures formed are weak and they diffuse rapidly with time. As has been explained, at Re of 10 the vortex dipole is not at all formed. When Re is increased to 25, dipole vortex is formed, but it is very weak owing to the action of viscous forces (Fig. 6b3) . When Re is further increased, the strength of the vortex dipole increases gradually (Fig. 6c3, d3) .
It has been conjectured that small flying insects might employ inclined stroke plane flapping and utilize drag mechanism to stay aloft [22] . Results from our 2D numerical simulations state that the flapping wings in inclined stroke plane motions cannot explain the flight of tiny insects. So far, there is only one possible unsteady mechanism that proves to enhance lift generation at very low Re -the Clap-and-Fling [23] . However, it has to be borne in mind that our study has neglected many actual realities pertinent to small insects; one of the most important factors being the structure of wings. Tiny flying creatures have bristled wings [24] , with flexible hairs. The dynamics of such hairy appendages might be completely different from the conventional membrane-like wings. The bending of flexible hairs may help in reducing the negative vertical force production during upstroke. Further 3D experiments on dynamically scaled wings of small insects with tiny flexible hairs are necessary to understand how flapping wings produce enough lift to support the insect's weight in such viscous dominated flow regime. 
V. Conclusion
The drag mechanism in inclined stroke plane wing motions was analyzed at low Reynolds numbers. When Re of flapping was reduced, the instantaneous vertical force coefficient during both the downstroke and upstroke increased. The increase in negative vertical force during the upstroke is higher than the increase in positive vertical force during the downstroke. Hence, the stroke averaged vertical force decreased when Re is reduced. In conclusion, our two-dimensional study suggests that the drag mechanism proposed for tiny insects may not augment the force generation at low Reynolds number.
